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Tumor microenvironment has been implicated in tumor development and progression. As a three-dimensional tumor microenvi-
ronment model, air liquid interface (ALI) organoid culture from oncogene transgenic mouse gastrointestinal tissues was recently
produced. However, ALI organoid culture system from tissues of colorectal cancer patients has not been established. Here, we
developed an ALI organoid model from normal and tumor colorectal tissues of human patients. Both organoids were successfully
generated and showed cystic structures containing an epithelial layer and surrounding mesenchymal stromal cells. Structures of
tumor organoids closely resembled primary tumor epithelium. Expression of an epithelial cell marker, E-cadherin, a goblet cell
marker, MUC2, and a fibroblast marker, vimentin, but not a myofibroblast marker, 𝛼-smooth muscle actin (SMA), was observed
in normal organoids. Expression of E-cadherin, MUC2, vimentin, and 𝛼-SMA was observed in tumor organoids. Expression of a
cancer stem cell marker, LGR5 in tumor organoids, was higher than that in primary tumor tissues. Tumor organoids were more
resistant to toxicity of 5-fluorouracil and Irinotecan than colorectal cancer cell lines, SW480, SW620, and HCT116. These findings
indicate that ALI organoid culture from colorectal cancer patientsmay become a novelmodel that is useful for examining resistance
to chemotherapy in tumor microenvironment.

1. Introduction

Colorectal cancer is one of the most common cancers and is
one of the leading causes of morbidity and mortality all over
the world [1]. The main causes of death in colorectal cancer

are tumor progression and metastasis [2]. Primary tumor
tissues contain a few cancer stem cells (CSCs), which have the
capacity to metastasize and cause resistance to chemotherapy
[3].Therefore, the therapeutic target for progressed colorectal
cancer focusing on CSCs has been explored in various types
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of cell culture, oncogene transgenic mouse [4], and patient-
derived xenograft model [5]. However, it has been difficult to
obtain clinically valuable findings.

Most of the in vitro studies in colorectal cancer research
have been performed using a two-dimensional (2D) cell cul-
ture model. However, it hardly reflects cellular heterogeneity
and behavior of tissues in vivo. Moreover, the 2D cell culture
is scarcely able to examine interactions between different
types of cells such as epithelial and stromal cells. On the
contrary, an in vitro primary three-dimensional (3D) culture
system accurately recapitulates organ structures,multilineage
differentiation, and physiology, which is of demonstrated
value in basic biology and stem cell research [6, 7]. Sato
and Clevers developed a 3D epithelial organoid culture
system using Matrigel, in which human intestinal stem cells
form crypt-like structures [7]. Recently, Matrigel organoids
from colorectal cancer patients were produced and tumor
organoids closely recapitulated properties of the original
tumor [8]. In the same report, high throughput screening in
drug discovery was performed using tumor organoids.These
reports suggest a possibility that the technology of Matrigel
organoid culture is applied to a personalized therapy for
colorectal cancer in near future.

Matrigel organoid culture consists purely of epithelial
cells through isolation from primary gastrointestinal tissues
owing to an enzyme treatment [9]. However, intestinal stem
cells (ISCs) are generally affected by a microenvironmental
niche, comprised of epithelial and mesenchymal cells and
extracellular substrates [10, 11]. The ISCs niche is responsible
formyofibroblasts adjacent to the crypt base, which promotes
activation of paracrine signals regulating the neighboring
ISCs [12]. To establish the culture system that mimics
ISCs niche in the 3D culture, Ootani et al. established a
different type of organoid culture system that consists of
both epithelial and mesenchymal components from mouse
gastrointestinal tissues using a collagen gel and an air liquid
interface (ALI) method [13, 14]. Furthermore, ALI organoids
from oncogene transgenic mouse gastrointestinal tissues
showed adenocarcinoma-like histology and tumorigenicity
in a mouse xenograft model [15].

Nevertheless, ALI organoids from colorectal cancer
patients have not been produced. Here we for the first
time produced ALI organoids from normal and malignant
human colorectal tissues. Both organoids were composed
of epithelial and mesenchymal cells similar to mouse ALI
organoids culture. ALI tumor organoids from patients closely
recapitulated epithelium structures of the original tumor and
showed resistance to chemotherapy.

2. Materials and Methods

2.1. Materials. To generate organoids, human colorectal tis-
sues were cultured with modified ISCs media as described
previously [9]. The components were as follows: Advanced
Dulbecco’s Modified Eagle’s Medium (DMEM) with 50%
Wnt, Noggin, and R-Spondin conditioned medium; Gluta-
Max; B-27 supplement; 100 𝜇g/mL Primocin (Invitrogen,
Carlsbad, CA, USA); 1mM N-acetyl-L-cysteine; 10mM Nic-
otinamide (Sigma-Aldrich, St. Louis, MO, USA); 50 ng/mL

mouse EGF (PeproTech, Inc., Rocky Hill, NJ, USA);
500 nM A83-01 (Adooq Bioscience, Irvine, CA, USA);
3 𝜇M SB202190; 10 𝜇M Y-27632 (Cayman, Ann Arbor, MI,
USA). Anticancer drugs were as follows: 5-fluorouracil
(5-FU) (WAKO, Tokyo, Japan); Irinotecan (LC Laboratories,
Woburn, MA, USA). Antibody sources were as follows:
E-cadherin (R&D System, Minneapolis, MN, USA); MUC2
(Gene Tex, Irvine, CA, USA); vimentin (Sigma-Aldrich);
𝛼-smoothmuscle actin (SMA) (DAKO, Glostrup, Denmark);
LGR5 (Abgent, San Diego, CA, USA); CD44 (Bethyl Labora-
tories, Montgomery, TX, USA). Secondary antibodies were
as follows: Alexa Fluor 488 goat anti-mouse IgG; Alexa Fluor
488 goat anti-rabbit IgG; Alexa Fluor 568 goat anti-rabbit
IgG; Alexa Fluor 488 donkey anti-goat IgG (Invitrogen).

2.2. Cell Culture. Colorectal cancer cell lines, SW480,
SW620, andHCT116, were cultured in DMEM supplemented
with 10% fetal bovine serum (FBS, Invitrogen).

2.3. Human Tissues. Samples were obtained from patients
who underwent surgery at the Department of Gastroentero-
logical, Breast and Endocrine Surgery, Yamaguchi Univer-
sity Graduate School of Medicine (Yamaguchi, Japan). All
patients were diagnosed with colorectal cancer. Preoperative
therapy was never given to any of these patients. From
the resected colon segment, normal and tumor tissues were
isolated. The isolated tissues were used for the organoids
culture and staining of hematoxylin and eosin (H&E) and
immunofluorescence. Eleven samples of normal and tumor
tissues were attempted to produce organoids. In normal
tissues, 7 organoids were successfully generated. Organoids
from 2 samples hardly grew. The rest of samples were con-
taminated. In tumor organoids, 6 organoids were successfully
generated and expanded rapidly. Organoids from 2 samples
grew so slowly that they were discarded. The rest of samples
were contaminated. Among them, we showed the data of 4
paired samples in this study.The study protocol was approved
by the Institutional Review Board (IRB) for Human Use at
Yamaguchi University Hospital. Written informed consent
for this study was obtained from all patients prior to surgery
(IRB approved numbers are H17-82 and H26-44).

2.4. Generation of Three-Dimensional ALI Human Normal
and Tumor Colorectal Organoids. Normal and tumor tissues
from patents were washed in cold HEPES buffered saline.
After the tissues were minced on ice, they were embedded in
a collagen gel and cultured in the ISCs media using an ALI
culture system as previously described [13]. Organoids were
passaged every 7–14 days by using a 2000 unit/mL collagenase
IV (Worthington, Lakewood, NJ, US) described as previously
[15] and replated into new ALI collagen gels at 1 : 2 split.

2.5. H&E Staining of Organoids. After organoids were fixed
with 4% paraformaldehyde (PFA) at 4∘C overnight, they were
embedded in paraffin. After deparaffinization, the 4 𝜇m thick
sections were stained with H&E as described previously [16].
The images were obtained using a light microscope (BX-53;
Olympus, Tokyo, Japan).
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2.6. Immunofluorescence Staining of Organoids. After organ-
oids were fixed with 4% PFA at 4∘C overnight, they were
embedded in paraffin. After deparaffinization, the sections
were blocked with 5% normal goat serum/TBS at room
temperature for 1 h. They were then incubated with primary
antibody (1 : 100 or 1 : 200) at 4∘C overnight. After being
incubated with secondary antibody (1 : 500 or 1 : 1000) at
room temperature for 1 h, they were observed with a confocal
microscope (LSM 800; ZEISS, Copenhagen, Germany).

2.7. Cell Viability Assay of Organoids. 5 × 103 cells of tumor
organoids were seeded into 10 𝜇L of Matrigel on a 96-well
culture plate and incubated for 24 h. And then, they were
treated with 5-FU or Irinotecan at the varying concentrations
for 6 days. Each cell viability was examined by a cell count-
ing using Alamar Blue kit (Invitrogen). The fluorescence
(emission wavelength; 585 nm) was read in a standard plate
reader (Beckman Coulter Inc., Irvine, CA, USA) and the half
maximal inhibitory concentration (IC

50
) values for the drugs

in each sample were calculated.

2.8. Cell Viability Assay of Colorectal Cancer Cell Lines. 1 ×
103 cells of SW480, SW620 and HCT116 were seeded into
10 𝜇L of Matrigel on a 96-well culture plate and incubated
for 24 h. And then, they were treated with 5-FU or Irinotecan
at the varying concentrations for 3 days. Each cell viability
was examined by a cell counting using Alamar Blue kit. The
fluorescence was read in a standard plate reader and IC

50

values for the drugs in each cell were calculated. IC
50
values

were shown as means ± SEM.

2.9. Statistical Analysis. Data are shown as means ± SEM.
Statistical evaluations were performed by using Student’s t-
test between two groups. Values of P < 0.05 were considered
statistically significant.

3. Results

3.1. Generation of Human ALI Normal Colorectal Organoids.
Recently, 3D culture of human normal colorectal epithelial
cells without stromal components has been developed [9].
However, human ALI normal colorectal organoids have
not been established. We therefore cultured human normal
colorectal tissues using an ALI culture method (Figure 1(a)).
As expected, normal colorectal tissue fragments were main-
tained for 7 days after seeding into ALI wells (Figure 1(b)).
After passaging, small cysts gradually grew larger and the
number of organoid colonies slightly increased compared
with it just after passaging (Figure 1(b)). We observed that
normal ALI organoids consisted of monolayer of epithelial-
like cells and the surrounding stromal-like cells in each
patient culture (Figures 1(c) and 1(d)). To identify the
cell components of normal ALI organoids, we performed
immunofluorescence staining. Expression of an epithelial cell
marker, E-cadherin (Figure 1(e)), a goblet cell marker, MUC2
(Figure 1(f)), and a fibroblast marker, vimentin (Figure 1(g))
but not a myofibroblast marker, 𝛼-SMA (Figure 1(h)), was
observed in these organoids.

3.2. Generation of Human ALI Tumor Colorectal Organoids.
To generate human tumor colorectal organoids using an ALI
culture method, we next cultured human tumor colorectal
tissues from patients. After tumor tissue fragments were
maintained for 7 days in ALI wells without contamination,
they were passaged into new ALI wells (Figure 2(a)). After
passaging, we observed that the number of tumor ALI
organoid colonies significantly increased compared with it
just after passaging (Figure 2(b)) and the different structures
of tumor organoids in each patient culture (Figure 2(c)).
We also observed the structures of tumor ALI organoids in
each patient compared with their original tumor epithelium
(Figure 2(d)). T1 organoids had obvious luminal formation
with single-layered tumor cells, reflecting the feature of
original tumor tissues. In T2 and T4 tissues, tumor cells
showed solid growth and occasional luminal formation with
multiple-layered tumor cells. Similarly, T2 and T4 organoids
consisted of multilayered tumor cells. In T3 tissues, tumor
cells showed papillary or cord-like growth patterns without
luminal formation. Similarly, T3 organoids consisted of
papillary tumor cells. To identify the cell components of
tumor ALI organoids, we performed immunofluorescence
staining. Expression of E-cadherin (Figure 3(a)),MUC2 (Fig-
ure 3(b)), vimentin (Figure 3(c)), and 𝛼-SMA (Figure 3(d))
was observed in these organoids. Since it was reported that
expression of various stem cell markers was elevated in 3D
culture compared with 2D culture [17], we next confirmed
the existence of cancer stem cells in tumor ALI organoids
(Figure 3(e)). Expression of a cancer stem cell marker, LGR5
in tumor organoids, was observed (Figure 3(e)). The number
of LGR5-positive cells in tumor organoids was significantly
higher than those of original tissues in any patients (Figures
3(e)–3(g)). We also checked the expression of other stem
cell markers including SOX2, Nanog, CD44, and CD133 in
tumor organoids. Similar to LGR5, expression of CD44 was
observed in tumor organoids (Figure 3(h)). On the other
hand, other stem cell markers were hardly observed (data not
shown).

3.3. Comparison of Responsiveness to Anticancer Drugs be-
tween Human ALI Tumor Colorectal Organoids and 2D Cul-
tured Colorectal Cancer Cell Lines. A recent report showed
that 3D culture exhibits higher stemness and tumorigenicity
than 2D culture [17]. It was also known that higher stemness
leads to the resistance to anticancer drugs [18]. Since ALI
tumor organoids contained numerous LGR5-positive cells
(Figure 3(g)), we examined whether ALI tumor organoids
show the resistance to anticancer drugs. To compare the
responsiveness to anticancer drugs of tumor ALI organoids
with that of 2D cultured colorectal cancer cell lines under the
same culture condition, we performed 96-well Matrigel cell
viability assay (Figure 4(a)). Treatment with 5-FU (Figures
4(b) and 4(c)) or Irinotecan (Figures 4(d) and 4(e)) decreased
cell viability of tumorALI organoids in each patient culture in
a dose-dependent manner. The IC

50
values for 5-FU were as

follows: T1: 54.91± 14.45 𝜇g/mL; T2: 201.08± 11.48 𝜇g/mL; T3:
159.50 ± 4.06 𝜇g/mL. The IC

50
values for Irinotecan were as

follows: T1: 45.29 ± 6.77 𝜇M; T2: 26.63 ± 2.21𝜇M; T3: 42.33 ±
4.98 𝜇M (Figure 4(h)). On the other hand, treatment with
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Figure 1: Generation of human air liquid interface (ALI) normal colorectal organoids. Schematic experimental design of a three-dimensional
(3D) culture system. Human normal colon tissue fragments were seeded in collagen gels under an ALI microenvironment and cultured in
intestinal stem cells (ISCs) media (a). Pictures were taken at days 1 and 7 after seeding tissues and at days 1 and 7 after passage (b). Scale
bar: 5mm. Enlarged pictures of postpassage are shown under the original pictures at passage 1. Arrows show the grown-up organoids. The
number of organoid colonies was counted (n = 4). Representative images for phase contrast microscope (c) and hematoxylin and eosin (H&E)
staining (d) of human ALI normal colorectal organoids from four patients (N1, N2, N3, and N4) are shown. Culture day 30. Scale bar: 200 𝜇m
(c) and 100 𝜇m (d). Expression of an epithelial cell marker, E-cadherin (e), a goblet cell marker, MUC2 (f), a fibroblast marker, vimentin (g),
and a myofibroblast marker, 𝛼-smooth muscle actin (SMA) (h). Representative photomicrographs were shown (n = 4). Culture day 30. Scale
bar: 50 𝜇m (e–h).
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Figure 2: Generation of human ALI tumor colorectal organoids. Human tumor colon tissue fragments were seeded in collagen gels under
an ALI microenvironment and cultured in ISCs media. Pictures were taken at days 1 and 7 after seeding tissues and at days 1 and 7 after
passage (b). Scale bar: 5mm. Enlarged pictures of postpassage are shown under the original pictures at passage 1. Arrows show the grown-up
organoids. The number of organoid colonies was counted ((c), n = 4). ∗𝑃 < 0.05 versus passage 1 day 1. Representative phase contrast images
of human ALI tumor colorectal organoids from four patients (T1, T2, T3, and T4) are shown (c). Scale bar: 200 𝜇m. H&E staining of primary
tumors and the tumor organoids from four patients (T1, T2, T3, and T4) are shown (d). Representative photomicrographs were shown (n =
4). Culture days 14–21. Scale bar: 100 𝜇m.
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Figure 3: Expression of E-cadherin (a), MUC2 (b), vimentin (c), and 𝛼-SMA (d) in human ALI tumor colorectal organoids. Comparison
of a cancer stem cell marker, LGR5 expression in tumor organoids (e), and primary tumor tissues (f). The number of LGR5-positive cells in
the pictures was counted ((g) n = 4, each for three patients (T1, T2, and T3)). ∗𝑃 < 0.05 versus organoid. Expression of CD44 (h) in human
ALI tumor colorectal organoids. The paraffin sections (4𝜇m) were immunofluorescently stained using antibody against E-cadherin, MUC2,
vimentin, 𝛼-SMA, LGR5, and CD44. Representative photomicrographs are shown (n = 4). Culture days 14–21. Scale bar: 50 𝜇m.

5-FU (Figure 4(f)) or Irinotecan (Figure 4(g)) in colorectal
cancer cell lines, SW480, SW620, and HCT116, induced cell
death at the lower concentration compared with tumor ALI
organoids in each patient culture. The IC

50
values for 5-FU

were as follows: SW480; 0.58 ± 0.03 𝜇g/mL; SW620; 2.92 ±
0.11 𝜇g/mL; HCT116; 0.58 ± 0.04𝜇g/mL. The IC

50
values for

Irinotecan were as follows: SW480; 4.65 ± 0.53 𝜇M; SW620;
1.94 ± 0.31 𝜇M; HCT116; 3.38 ± 0.24𝜇M (Figure 4(h)).

4. Discussion

In the present study, we for the first time generated primary
human ALI colorectal normal and tumor organoids from
patients. The major findings of the present study are as
follows: (1) normal organoids showed cystic structures and
contained epithelial cells, goblet cells, and fibroblasts but not
myofibroblasts (Figure 1), (2) tumor organoids showed robust
expansion and replicated the epithelial structures compared
with original tissues (Figure 2), (3) tumor organoids con-
tained epithelial cells, goblet cells, myofibroblasts, and cancer
stem cells (Figure 3), and (4) these tumor organoids were
more resistant to 5-FU and Irinotecan compared with 2D cell

cultured cells (Figure 4). Collectively, our results indicate that
colorectal tumor patients-derivedALI organoids replicate the
tumormicroenvironment and are useful as one of the in vitro
3D culture models for examining anticancer drug resistance.

Myofibroblasts are located under a basement membrane
in the crypt, which promote stem cell self-renewal and dif-
ferentiation [19]. In addition, myofibroblasts provide trophic
substances to stem cells via secretion of proteins including
transforming growth factor (TGF)-𝛽 [20]. Furthermore,
myofibroblasts have been implicated in promoting colorectal
cancer growth and invasion [21]. Since Ootani et al. showed
in mouse intestinal ALI organoids that cultured intestinal
epithelium is lined by myofibroblasts [13], we expected that
myofibroblasts would surround the epithelial layer of human
colorectal ALI organoids. In this study, we showed that
vimentin-positive cells but not those of 𝛼-SMA existed in
normal organoids (Figure 1), indicating the existence of
fibroblasts but not myofibroblasts around the epithelial layer.
On the other hand, expression of vimentin and 𝛼-SMA
was observed in tumor organoids (Figure 3). These results
indicate a discrepancy against those of mouse intestinal ALI
organoids. It was reported that myofibroblasts are originated
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Figure 4: Continued.
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Figure 4: Comparison of responsiveness to anticancer drugs between human ALI tumor colorectal organoids and 2D cultured colorectal
cancer cell lines. Schematic experimental design of an anticancer drug treatment for human ALI tumor colorectal organoids from three
patients and colorectal cancer cell lines (a). After tumor ALI organoids were seeded into Matrigel, they were treated with 5-fluorouracil (5-
FU) ((b), (c) n = 5 each for three patients (T1, T2, and T3); 10–300𝜇g/mL) or Irinotecan ((d), (e) n = 5 each for three patients (T1, T2, and T3);
10–300𝜇M) for 6 days. Representative phase contrast images of tumor organoids treated with 5-FU or Irinotecan are shown (b, d). Scale bar:
200 𝜇m. Cell viability was determined using Alamar Blue assay and 100% represents cell viability of each control (c, e). Effects of treatment
with anticancer drugs on colorectal cancer cell lines, SW480, SW620, and HCT116. After cells were seeded into Matrigel, they were treated
with 5-FU ((f) n = 5, each cell line, 0.1–100 𝜇g/mL) or Irinotecan ((g) n = 5, each cell line, 0.1–100 𝜇M) for 3 days. Cell viability was determined
using an Alamar Blue assay and 100% represents cell viability of each control (f, g). Half maximal inhibitory concentration (IC

50
) values for

5-FU or Irinotecan in tumor organoids from each patient and colorectal cancer cell (h). Results were expressed as mean ± SEM.

from fibroblasts and bone marrow cells [22]. It was also
shown that TGF-𝛽 can induce differentiation of fibrob-
lasts into myofibroblasts [23]. Furthermore, it was reported
that platelets, monocytes, macrophages, and lymphocytes
secreted TGF-𝛽 [24]. Considering these reports and our
data in the present study, it is implied that stromal cells are
much plenty in tumor organoids than normal ones, which
differentiate fibroblasts intomyofibroblasts through secretion
of TGF-𝛽 in tumor organoids. It was also considerable that
myofibroblasts inmouse intestine or human colorectal tumor
tissues are more activated and can adhere to epithelial cells,
which cause higher growth of organoids through secretion of
growth factors from myofibroblasts.

A small subpopulation of drug resistant cancer stem cells
promotes tumor recurrence, invasion, and metastasis [25]. It
is well known that several stem cell markers are expressed

in cancer stem cells. The most common markers used for
cancer stem cell sorting and analysis are LGR5, CD133, CD44,
and aldehyde dehydrogenase 1. LGR5 is a marker of normal
intestinal stem cells and also has an important role in cancer
cell stemness [26]. In this study, we showed that the number
of LGR5-positive cells in tumor organoids was significantly
higher than those of original tissues in any patients (Figure 3).
Regarding upregulation mechanisms of LGR5 expression in
tumor organoids, we suppose that both stemness-stimulated
media and mesenchymal components including myofibrob-
lasts might contribute to increase survived LGR5-positive
cells after LGR5-negative cells of tumor tissues died in theALI
culture.

It was also shown that tumor organoids were more resis-
tant to 5-FU and Irinotecan (Figure 4). Recent study showed
that expression level of LGR5 correlated with resistance to
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5-FU-based chemotherapy in colorectal cancer patients [27].
It was also reported that exposure to Irinotecan transitioned
LGR5-positive cells into LGR5-negative cells, which leaded
to the drug resistant state [28]. Accordingly, it is suggested
that human colorectal tumor organoids were more resistant
to 5-FU and Irinotecan perhaps through upregulation of
LGR5 expression. Nevertheless, the detailed mechanisms
supporting their resistant behavior are poorly understood.
Further studies are necessary for clarifying them.

5. Conclusion

We for the first time generated human colorectal tissue-
derived ALI organoids. It was also suggested that colorectal
tumor organoids may become an application of anticancer
drug resistant model in 3D microenvironment. Further
studies on humanALI culture contribute to develop new per-
sonalized therapy design and tumor 3D microenvironment
research.
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